Introduction
Canola meal has the potential to be an important source of dietary protein for the Australian pig industry. It is relatively high in crude protein (30-34%), contains a balance of amino acids similar to that required by the growing pig, and has a digestible energy content equivalent to that of soybean meal (Bell 1984) . In Canada, the second largest producer of canola in the world, it is estimated that 20-30% of the canola meal produced is fed to pigs (Bell 1993) where it replaces soybean meal in diets. If it can be used as a substitute for imported soybean meal or other protein meals currently used in Australia, then it may result in a reduction in the cost of pig diets.
Canola is a variety of rape (Brassica napus) specifically bred to have low concentrations of total glucosinolates [<30 mmol/kg oil-free dry matter (DM)] and erucic acid (<2% of total fatty acids). The development of cultivars of canola has been the major reason for the renewed interest in a rapeseed meal, specifically canola meal, as a feedstuff for pigs. Even so, depressed concentrations of circulating thyroxine, thyroid hypertrophy, and enlargement of the liver in pigs of various stages of growth, have been associated with feeding canola meal to pigs (Busato et al. 1991; Corino et al. 1991; Bell 1993) . In some cases a depression in food intake and growth rate has also been recorded in pigs fed diets containing canola meal, although it is not certain whether this was a result of the presence of glucosinolates or due to other factors in the diet, such as increased dietary fibre levels associated with more canola meal (Bell 1993) .
The nutrient composition of canola meal is also affected by cultivar (Bell 1993) , environmental conditions under which the canola has been grown (Bell 1993) , and the processing method used for extracting the oil (Bell and Keith 1991) . Therefore, it is important to evaluate canola meal manufactured locally in order to give producers the confidence required to include it in pig diets. Given this, the objectives of the experiments described in this paper were:
(1) to measure the total glucosinolate concentration in a number of samples of canola seed collected from different geographical sites in Western Australia, (2) to measure the nutrient composition of canola meal produced by a singlepress expeller process, and (3) to determine at what rates canola meal can successfully substitute for Australian sweet lupins in diets for growing-finishing pigs.
Methods

Chemical analyses
Representative samples (approximately 250 kg) of canola seed were taken from each of 20 grain receival points throughout south-western Australia after the harvest of 1995. These were analysed within 3 months for their oil (AOAC 1988) and total glucosinolate (Mailer and Pratley 1990) content. Of these 20 samples, 8 batches were consequently crushed (Davison Industries Pty Ltd, Pinjarra, Western Australia) using a single-press expeller and the resultant canola meal was recovered. These batches then formed the basis of the canola meal that was used during the 2 experiments. The 8 batches of canola meal were analysed for dry matter, crude protein, crude fibre, ether extract, and ash (AOAC 1988) . Of these, 5 samples were also analysed for total glucosinolates (Mailer and Pratley 1990) and amino acid composition (as described by Petterson et al. 1999) .
Animals and experimental treatments Expt 1
Thirty entire male and 30 female Large White × Landrace pigs from the high-health status Medina Research Centre herd were allocated to treatment on the basis of liveweight (LW) and fed diets containing 0, 50, 100, 150, or 200 g/kg of canola meal from 23 to (approximately) 110 kg LW. The 5 diets during the grower phase (20-50 kg LW) and the 5 diets during the finisher phase (50-110 kg LW) were formulated to provide the different protein and energy requirements of these groups of pigs (Tables 1 and 2 , respectively). In this instance, the inclusion rate of Australian sweet lupins was progressively reduced as the concentration of canola meal increased. The inclusion rate of synthetic methionine declined and that of lysine increased as the proportion of canola meal in the diet increased. Pigs were housed in individual pens having a floor area of 1.6 m 2 and had ad libitum access to feed and water. Feed residues were collected on a weekly basis.
Expt 2
This study had the same design as Expt 1, except that all pigs were fed at a level of 3 times their estimated maintenance requirement for energy (M) based on metabolic liveweight (i.e. M = 0.46 LW 0.75 MJ ME/day; Close and Fowler 1985) . This approach was taken so that possible differences in voluntary feed intake between treatments would not confound the measurements that were to be made on the weight of the thyroid gland. Feed allowance was adjusted for each pig at the weekly weighing, and feed was offered twice daily in equal amounts. All refusals were recorded before feeding the following day. Diets are depicted in Tables 1 and 2 . Water was offered on an ad libitum basis from a nipple drinker in each pen.
Experimental procedures
Pigs were weighed at the beginning of each experiment and weekly thereafter in all studies. In both experiments, pigs were transported to a commercial abattoir in the week that they reached a LW of 110 and 90 kg, respectively. All pigs were weighed prior to transport. At the abattoir they were held in lairage for approximately 18 h prior to slaughter during which time they only had access to water. Depth of backfat was measured on the hot carcass at the P 2 position using a Hennessy Grading Probe, and head-off hot carcass weight (Trim 16) was also recorded to determine dressing percentage. The hung carcasses were chilled overnight, and next morning the right side of the carcass was cut longitudinally, opposite the head of the last rib. The following calliper measurements were then taken on the cut surface of the longissimus dorsi muscle:
(1) depth of muscle at the deepest point; (2) width of muscle at the widest point; (3) depth of fat over the deepest point of the muscle.
In Expt 2, thyroid glands were recovered from carcasses, placed immediately on ice, and transported back to the laboratory where they were weighed.
Digestible energy determination
The digestible energy (DE) content of a bulked sample of canola meal (i.e. that derived from the 8 samples crushed) used in both experiments was determined using 5 pigs kept in metabolism crates. The diet consisted of wheat (699 g/kg), canola meal (300 g/kg), and vitamins and minerals (1 g/kg). Entire male pigs (40 kg) were acclimatised to their respective crates and fed the diet for 7 days. Total collection of faeces then occurred for the ensuing 5 days. The DE content of wheat was determined separately using another 5 pigs (40 kg) placed in metabolism cages. Pigs were fed a diet consisting of wheat (963 g/kg), dicalcium phosphate (30 g/kg), salt (2.75 g/kg), choline chloride (1 g/kg), DL-methionine (2.05 g/kg), and vitamins and minerals (1.2 g/kg). Pigs were acclimatised to their respective crates and fed the diet for 7 days. Total collection of faeces then occurred for the ensuing 5 days.
The DE content of wheat was determined using the following formula:
The DE content of canola meal was then determined using the following formula (after Hew et al. 1998): Gross energy was determined in a Gallenkamp bomb calorimeter using benzoic acid as the internal standard.
Statistical analysis
Data were subjected to 2-way analysis of variance for effects of treatment and sex using the GENSTAT statistical package (GENSTAT 5 1995) . Where appropriate, comparisons between experimental means were made using Fisher's protected l.s.d. procedure (GENSTAT 5, 1995) .
Results
Nutrient composition
The average oil and total glucosinolate levels for the 20 samples of canola seed were 378 g/kg and 14.0 mmol/kg (oil-free DM), respectively. There was greater variability in the concentration of glucosinolates in samples of whole canola seed than there was for oil content (Table 3) . It was not possible to describe each sample on the basis of variety as each represented a broad mixture of varieties being grown in that geographical region at the time. However, the sources of seed were subsequently grouped into those areas with a mean annual rainfall above or below 450 mm, disregarding those sources where seed was known to have come from a wide range of areas (e.g. ports or central collection areas). For the 8 samples collected from the high rainfall region compared with the 7 samples from the low rainfall region, there was a significant difference (P < 0.001) in the concentration of total glucosinolates (9.80 v. 19.36 mmol/kg oil-free DM, respectively), but no difference (P = 0.102) in oil content (383 v. 369 g/kg, respectively).
Following processing of the seed by expeller extraction, the resultant meal contained 96 g/kg of residual oil and 10.5 mmol/kg (oil-free DM) of total glucosinolates (Table 4 ). The DE content of the composite sample of canola meal used in both experiments was 14.7 MJ/kg (as-fed basis) (15.5 MJ/kg DM). The amino acid composition of canola meal ranged from 6.7 g/kg for methionine to 55.1 g/kg for glutamic acid. The CV in amino acid composition for all amino acids was less than 10% (Table 4) .
Expt 1
There was no significant difference in growth rate when pigs fed ad libitum between 23 and 110 kg LW were fed diets containing up to 200 g/kg of canola meal (P > 0.05) ( Table 5) .
Canola meal for growing pigs However, entire males grew 7.8% faster (P < 0.001), converted feed 7.5% more efficiently (P < 0.01), but had a lower dressing percentage (P < 0.001), than their female counterparts (Table 5) .
As intended, all pigs regardless of treatment were slaughtered in the week that they reached a LW of 105 kg, and therefore there was no significant effect of treatment on LW at the end of the experiment (P > 0.05). Treatment had no significant effect on any parameter of carcass quality (Table 5) .
Expt 2
When all pigs were fed the same amount of food relative to their calculated maintenance requirement for energy, there was no significant difference (P > 0.05) in any parameter of performance or carcass quality (Table 6 ). A linear decline in feed : gain (P < 0.05) and a trend for a linear decrease in daily gain (P = 0.244) were observed with increasing amounts of canola meal in the diet. The weight of the thyroid gland, whether expressed on a total weight or relative to LW basis, increased (P < 0.001) in response to increasing levels of canola meal in the diet (Table 6 ).
Discussion
To the authors' knowledge, these are the first data providing a range of total glucosinolate levels of canola seed and canola meal produced in south-western Australia. The average levels of 14.0 mmol/kg of total glucosinolates (oilfree DM) in seed and 10.5 mmol/kg (oil-free DM) in meal are similar to those reported in both Europe (Corino et al. 1991; Van Kempen and Jansman 1994) and Canada (Bell 1993) . In Western Canada, for example, Bell and Keith (1991) surveyed samples of commercial canola meal from 7 crushing plants, and reported a mean concentration of 16.2, with a range of 6.26-28.42, mmol/kg of total glucosinolates (oil-free DM). These levels are in stark contrast to the highglucosinolate varieties of rapeseed grown in the 1970s that contained 150-180 mmol/kg (oil-free DM) (Pusztai 1989) . Two-way ANOVA: * P < 0.05; ** P < 0.01; *** P < 0.001; n.s., not significant at P = 0.05. A Dressing % = dressing percentage [(carcass weight of pig/liveweight of pig prior to slaughter) × 100]. B P 2 = backfat thickness (mm) of pigs measured 65 cm from the midline. C Least significant difference for effect of treatment. D Least significant difference for effect of sex.
The oil content of the canola seed is similar to that reported elsewhere; however, oil content of the canola meal used in this study was higher than that reported by Thacker (1990) for Canadian canola meal, and by Corino et al. (1991) and Schöne et al. (1996) for European varieties. This is because in these instances the raw material was processed through a double extraction procedure (expeller followed by a solvent extraction).
An unexpected finding in this investigation was the significantly lower level of glucosinolates found in canola seed grown in the higher rainfall areas (>450 mm per annum). Not only may this have implications for future directions in canola plant breeding programs, but also the use of canola meal produced from higher rainfall regions may be preferable in pig diets if any adverse effects of canola meal on pig performance ever arise. Unfortunately, we were unable to discern between high-and low-rainfall canola meals in the growth trials because samples from different sites were bulked.
The results from the two growth experiments support the use of canola meal as a substitute for Australian sweet lupins in growing-finishing pigs. The lack of statistical difference between experimental treatments supports the inclusion of up to 200 g/kg in growing-finishing diets. However, data from Expt 2 showed a linear decline in feed : gain and a trend for poorer average daily gain with the highest (200 g/kg) level of canola meal. The failure to see a decline in performance in Expt 1 may be related to the lower intake of pigs in this experiment.
The trend for deteriorating performance at higher levels of canola meal supports data from other workers. Corino et al. (1991) reported no significant differences in growth rate or feed conversion ratio (FCR) in pigs between 23 and 144 kg LW fed 0, 50, 100, or 150 g/kg of rapeseed meal (39 mmol/kg of total glucosinolates; oil-free DM), although FCR tended to worsen with an increasing inclusion level of canola meal. Schöne et al. (1996) reported a linear decline (P < 0.1) in daily weight gain in pigs between 20 kg and 106 kg LW, fed the same rates of a rapeseed press cake meal (18.5 mmol/kg of total glucosinolates; oil-free DM). Brand et al. (1999) fed 0, 80, 160, and 240 g/kg of a full-fat canola seed meal (glucosinolate levels not provided), in replacement for soybean meal, to weaner and growing-finishing pigs and found no significant differences in production. These authors, however, reported a linear decrease of 21.7 g/day in growth rate with increasing canola levels. When 'OO' fullfat rapeseed meal (17 mmol/kg of total glucosinolates) was included at levels greater than 200 g/kg in diets for earlyweaned pigs, Gill and Taylor (1989) noted depressed feed intake and performance. In addition, work conducted in this laboratory with weaner pigs showed a 19% depression in growth rate when the inclusion level of canola meal was increased from 100 to 150 g/kg (B. P. Mullan, unpubl. data) .
In contrast to the above reports, Siljanderrasi et al. (1996) reported no significant differences in both production and carcass characteristics at slaughter when 0, 33, 66, and 100% of soybean meal in a diet for pigs between 25 and 100 kg LW was replaced with heat-and moisture-treated canola meal Canola meal for growing pigs containing only 2.9 mmol/kg (oil-free basis) of glucosinolates. However, these data suggest collectively that 'low glucosinolate' (10-30 mmol/kg; oil-free DM) canola meal may be used as a feed ingredient for pigs, although there is a tendency for decreased performance at higher inclusion levels.
Glucosinolates per se are not toxic; however, endogenous myrosinase in the seed, myrosinase present in weed seeds, and (or) myrosinase present in the indigenous flora of the gastrointestinal tract of the pig may hydrolyse them to yield toxic breakdown products (Van Kempen and Jansman 1994) . Depending on the nature of the glucosinolates and the reaction conditions, isothiocyanates, oxazolidine-2-thiones, thiocyanates, or nitriles may be formed (Pusztai 1989) , and these can impair feed intake and growth performance, and interfere with thyroid and liver function. Factors affecting the rate and degree of myrosinase activation during the cooking stage and the amount of thermal decomposition in the desolventising stage most likely affect the amounts of glucosinolates remaining in meal (Bell 1984) .
Increased thyroid weights with increasing levels of canola meal in the diet were found in Expt 2 independently of any differences in feed intake, suggesting a direct effect of glucosinolate intact on thyroid function. Corino et al. (1991) reported a linear increase in thyroid and liver weight at slaughter with increasing amounts of rapeseed meal in the diet, as well as lowered plasma T 4 levels. Similarly, Spiegel et al. (1993) reported increased wet weights of thyroid glands and changes in the histomorphology of the thyroid gland associated with increasing glucosinolate intake, and Eggum et al. (1985) reported thyroid hypertrophy in pigs fed 20% of an 'OO' rapeseed having a very low level of glucosinolates (3 mmol/kg; oil-free DM). Therefore, although canola contains significantly less glucosinolates than older rapeseed varieties, there may still be sufficient quantities remaining after processing to cause a performance problem when fed to pigs for long periods and (or) at higher inclusion levels. Furthermore, it is evident that the pig has to make some changes to its thyroid metabolism to deal with the residual levels of glucosinolates present in canola meal, especially when fed at higher inclusion levels (>150 g/kg).
In addition to glucosinolates, other factors may have contributed to decreased performance of pigs in this series of experiments. These include the high dietary fibre content of canola meal (136 g/kg of crude fibre; Table 4), which may cause decreased energy digestibility, the level of tannins (15-30 g/kg), the level of phytic acid (30-60 g/kg), and (or) the level of sinapine (after Bell 1993) . Sinapine is an ester of sinapic acid and choline found in dehulled seeds up to a level of 24 g/kg (Thacker 1990; Van Kempen and Jansman 1994) and 18 g/kg in canola meal (Bell 1993) . Sinapines may affect feed intake because of their bitter flavour. However, Lee et al. (1984) showed that glucosinolates, and not sinapine or tannins, were responsible for the reduction in feed intake in pigs fed rapeseed meal.
Recently, Van Barneveld et al. (1999) compared the effects of 3 oil extraction methods for canola seed on lysine availability of the resulting meals. These authors reported that despite similar total lysine concentrations in the canola meals, true ileal reactive lysine digestibility was significantly higher in cold-pressed meal v. the expeller or solventextracted meal. Diets in this experiment were formulated on an 'apparent ileal availability' basis. It is possible, therefore, that a component of the decline in performance seen with increased canola meal inclusion (Table 6 ) may have been due to decreased true lysine availability to the pig in addition to any negative effects of increased glucosinolate intake.
In conclusion, this paper has described oil and total glucosinolate levels in canola seed and meal produced in southwestern Australia. Our studies showed that single-press canola meal is a suitable alternative to other protein sources; however, we recommend an upper inclusion limit of 150 g/kg in diets for growing-finishing pigs. Higher intakes of total glucosinolates were associated with a tendency for decreased pig performance and thyroid hypertrophy despite the canola varieties used being 'low glucosinolate'.
